Effects of tube orientation on flow boiling heat transfer coefficients were investigated for FC72 flowing in single mini-tubes with tube diameters of 0.13 and 0.51 mm to define boundaries on a dominant force regime map. For the tube diameter of 0.51 mm, when mass velocity and vapor quality was varied, heat transfer coefficients were influenced by tube orientation at Froude number Fr < 4, while the effect of tube orientation on heat transfer coefficients disappears at Fr > 4. The results indicated that the boundary between the body force dominated and the inertia dominated regimes was given by Fr  4. On the other hand, for tube diameter of 0.13 mm, almost no effect of tube orientation on heat transfer coefficients was observed for all combinations of mass velocity and vapor quality tested, where heat transfer coefficients were independent of mass velocity and vapor quality at Weber number We < 5, and vice versa. The results indicated that the boundary between the surface tension dominated and the inertia dominated regimes was represented by We  5. From the above results, the boundary between the surface tension dominated and the body force dominated regimes was existed between Bo = 0.51 and 0.033.
INTRODUCTION
Recent increase in the size of space platforms requires the management of larger amount of waste heat under high heat flux conditions and the transportation of it along a long distance to the radiator. Flow boiling applied to the thermal management system in space attracts much attention as a promising means to realize high-performance heat transfer and transport due to latent heat of vaporization. In microgravity two-phase flow phenomena are quite different from those under normal gravity conditions because buoyancy effects are significantly reduced and surface tension becomes dominant. By the similar reason, flow boiling characteristics in minichannels are not the same as those in channels of the normal sizes. In the present stage, however, the conditions at the boundary between the regimes of body force dominated and of surface tension dominated are not clear. The design of space thermal devices, operated under the conditions where no influence of gravity is expected, will improve the reliability of their ground tests. For this reason, the quantitative clarification of boundaries for dominant force regimes is required in advance.
Although a number of experiments on flow boiling heat transfer in minichannels were conducted in the last decade, there is limited flow boiling heat transfer data obtained by a single circular heated tube due to the difficulty of precise measurement. Tran et al. (1996) measured local flow boiling heat transfer coefficients for R12 in a single circular tube with tube diameter of 2.46 mm. They reported that heat transfer coefficients were a function of heat flux, and that the effect of vapor quality and mass velocity was small. They concluded that nucleate boiling heat transfer dominated in a minichannel over wide vapor quality ranges of 0.20.8. Lazarek and Black (1982) , Bao et al. (2000) , Owhaib et al. (2004) , and Saisorn et al. (2010) also obtained similar results by the experiments using a single circular tube with 0.833.1 mm. Yen et al. (2003 Yen et al. ( , 2006 ) measured local heat transfer coefficient for FC72 and R123 flowing in single circular tubes with 0.190.51 mm. However, they observed only monotonically decreasing trend of heat transfer coefficient with increasing vapor quality. Lin et al. (2001) measured local heat transfer coefficient for R141b flowing upward in a vertical 1.1 mm circular tube. Unlike the aforementioned experiments, they observed a significant influence of vapor quality on heat transfer coefficient. At low heat fluxes, the heat transfer coefficient increased consistently with increasing vapor quality. At moderate heat fluxes, the heat transfer coefficient became independent of vapor quality. At high heat fluxes, the heat transfer coefficient took a peak value just after the initiation of nucleate boiling and followed by a consistent decrease. Shiferaw (2009) also obtained similar results by the experiments using a single circular tube with 1.1 mm. Saitoh et al. (2005) conducted flow boiling experiments of R134a flowing in single circular tubes with 0.513.1 mm. In the experiments using smaller tubes, they also observed a trend of increase in heat transfer coefficient with increasing vapor quality at lower vapor quality and a trend of decrease at high vapor quality. The decrease in heat transfer coefficient began at lower vapor quality for smaller tube. In and Jeong (2009) measured local heat transfer coefficient for R123 and R134a flowing upward in a 0.19 mm circular tube. They observed different trends between R123 and R134a in heat transfer coefficient. The flow boiling heat transfer of R123 shows that the heat transfer coefficients depend on mass velocity, heat flux and vapor quality. On the contrary, the heat transfer trends of R134a are similar to those of macro-channels. The heat transfer coefficients are strongly dependent on heat flux and saturation pressure at low and intermediate vapor quality, but the effects of mass velocity 2 and vapor quality are insignificant. At high vapor quality, the mass velocity effect is dominant while the effects of heat flux and saturation pressure are small. Ong and Thome (2009) measured local heat transfer coefficient for R134a, R236fa and R245fa flowing in a single circular tube with 1.03 mm. They modified an isolated bubble (IB)/coalescing bubble (CB)/annular flow map to investigate the influence of flow pattern on the heat transfer coefficient. They observed the heat transfer coefficients of R134a and R236fa increase with increasing heat flux in the IB flow regime at low mass velocity conditions. On the other hand, after a flow regime transition from CB to annular flow, the heat transfer of R236fa and R245fa increases with vapor quality and converge monotonically at higher vapor quality.
In flow boiling in mini-channels, back flow could be occurred because of rapid growth of bubbles in a confined cross section area of mini-tubes, resulting flow rate fluctuation. Flow boiling heat transfer characteristics in minichannels can change considerably by the existence of inlet flow rate fluctuation. Ohta et al. (2009) investigated experimentally the effect of flow fluctuation at the heated section inlet on flow boiling heat transfer and to clarify reasons for existing deviation in the heat transfer data for minichannels. It is important to pay attention to the experimental accuracy and to use a single circular mini-tube to compare heat transfer characteristics with those for normal size tubes.
The criteria for the classification of small channels have given by the researchers. Kew and Cornwell (1997) introduced a Confinement number Co which is based on the definition of the Laplace constant and suggested the threshold criterion with limited data as
where, σ is surface tension, g is gravitational acceleration, ρ l , and ρ v are liquid and vapor density and d h is hydraulic diameter of the channel. An alternative criterion to discriminate between micro and macroscale heat exchangers is that proposed by Mehendale et al. (2000) which is simply based on the hydraulic diameter. The hydraulic diameter range from 1 to 100 m is micro-heat exchangers, the range from 100 m to 1 mm is meso-heat exchangers, the range from 1 mm to 6 mm is compact heat exchangers, and values above 6 mm being conventional heat exchangers. Kandlikar (2002) employed the hydraulic diameter as an important parameter for defining the channels as follows: the hydraulic diameter range from 10 to 200 m is microchannels, the range from 200 m to 3 mm is minichannels and values above 3 mm being macroscale channels. Ong and Thome (2011) conducted the flow boiling experiment to clarify macro to microchannel transition in horizontal mini-tubes with I.D. 1.03, 2.20 and 3.04 mm using R134a, R236fa and R245fa as test fluid. They proposed the criteria depend on the results from liquid film thickness measurements by using Co as follow: Co < 0.3-0.4 is macroscale flow, while Co > 1 is symmetric microscale flow and the transition criterion is 0.3-0.4 < Co <1.
In the present paper, effects of tube orientation on flow boiling heat transfer characteristics were investigated for FC72 flowing in single mini-tubes with tube diameters of 0.13 and 0.51 mm to define boundaries on a dominant force regime map.
DOMINANT FORCE REGIME MAP
In order to clarify the influences of three major forces, following dimensionless parameters; Bond number Bo, Weber number We and Froude number Fr are defined here
where, d i : tube inner diameter, G: mass velocity, u m : mean velocity, ρ m = 1/[x/ρ v +(1-x)/ρ l ]: mean density of liquid and vapor, x: vapor quality and σ: surface tension. Therefore, Bo, We, Fr represent ratios of buoyancy to surface tension, inertia to surface tension and inertia to buoyancy, respectively. Fig. 1 shows the existing map for dominant force regimes proposed by Reynolds et al. (1964) for the dynamic motion of a liquidgas system in low gravity. The influence of inertia is varied by the change of vapor quality, i.e. ratio of vapor mass flow rate to the total, under a constant mass velocity, where the velocity of liquid-vapor mixtures is increased with increasing vapor quality There are four points to be clarified concerning the present regime map.
1. Boundaries of regimes are doubtful. 2. Definitions of parameters should be revised. 3. Parameters and boundaries should be changed by different targets such as heat transfer coefficient, flow patterns, pressure drop and critical heat flux. 4. Influence of vapor quality is unknown. Increase in vapor quality increases inertia force due to the increase in liquidvapor mixture velocity despite of decrease in mixture density.
It is doubtful that the effect of gravity level is equivalent to the effect of direction of the gravity vector on the definition of regime boundary between the body force dominated and the surface tension dominated through Bond number. The microgravity experiments are useful for the verification of the effect of gravity level on these regimes. In further studies, the results obtained under microgravity conditions are to be reflected to confirm the effect of gravity level on the boundaries at very low Bond numbers.
EXPERIMENTAL APPARATUS
The structure of experimental setup is shown in Fig.2 The test section is shown in Fig.3 . To introduce electric current for joule heating from a regulated DC power supply, copper electrodes are soldered on the tube outer surfaces at both ends of the heated section. To eliminate the effects of voltage drops at the junctions of electrodes and at lead wires, two voltage taps are additionally soldered just inside of the electrodes for electric current, and the heating rate is evaluated with high accuracy based on the power input. In order to keep electrical insulation, all tubes connected to the test section are made of Teflon. Table 1 lists the dimensions of the two test tubes employed here. The unheated section operates as a hydrodynamic entrance region, and the fully developed flow is established at the inlet of the heated section. Nineteen K-type bare thermocouples with a diameter of 0.08 mm are directly soldered to the outer surface of the tube along the entire heated section. The values of electromotive force of bare thermocouples are obtained by subtracting the additional voltages, which is unavoidably picked up due to the application of heating current directly to the tube wall, from the measured values. Both ends of the test tube are connected to small polycarbonate blocks with pressure taps, and K-type sheathed thermocouples are inserted in them. To minimize the heat loss from the heated tube and to establish steady state in a short time, the test section is installed in an acrylic vacuum cylinder with an inside diameter of 190 mm and a length of 350 mm. In all experimental conditions tested, only a few minutes are required to obtain the data regarded as that of steady-state condition, which is judged by monitoring electromotive force of all thermocouples. The pressure drops across the test section and across the section monitoring flow fluctuation are measured by the differential pressure transducers. In the present experiments, the pressure at the outlet of the test section is kept at near atmospheric pressure, where the saturation temperature is 56 C at 0.1MPa for fluorinert FC72 employed as a test fluid. The outlet pressure of the test section is varied to some extent as 0.100.11 MPa, depending on the pressure drop at downstream. Flow boiling heat transfer of FC72 in a small diameter tube is influenced by dissolved air, as mentioned in our previous report (Ohta et al., 2009) . Test fluid in the reservoir was initially degassed by vacuum deaeration for more than 10 minutes. Compressible gas was completely removed from the components of the test loop. Then, the deaerated test fluid was filled with the test loop from the reservoir. Experimental conditions are shown in Table 2 .
If the regime map is described by using Bond, Weber and Froude numbers above mentioned, the boundary of dominant forces of body force and inertia is examined by using the mini-tube of the larger The experimental condition in present study and existing boundary for the classification of small channels proposed by Kew and Cornwell (1997) , Mehendale et al. (2000) and Kandlikar (2002) on dominant force regime map for FC72. , and the boundary of surface tension and inertia by using the mini-tube of smaller diameter at Bo = 3.310
-2 . Figure 4 shows experimental conditions in present study and existing boundary for the classification of small channels proposed by Kew and Cornwell, Mehendale et al. and Kandlikar on dominant force regime map.
DATA TREATMENT
The distribution of inner wall temperature, heat flux, fluid temperature, vapor quality, and heat transfer coefficient along the heated section is calculated as discrete values at each location of nineteen thermocouples based on the measured values of outer wall temperatures, flow rate, inlet liquid temperature, and pressures. The local heat generation rate is calculated by using a value of electric current and local electric resistance of stainless steel tube. The local electric resistance is evaluated at the local temperature using the temperature coefficient of stainless steel. Because the electric resistance increases with an increase in temperature, the heat generation per unit length is slightly larger in the downstream of the heated section by 1% at the highest heat flux tested. The heat loss from the outer tube wall to the ambient is evaluated by the difference between the outer wall temperature and ambient temperature in the vacuum cylinder, which is calibrated in advance. By the introduction of vacuum cylinder and thin thermocouples, the heat loss is less than 50% of the heat input even at the lowest heat flux tested. Because the ratio of the tube wall thickness to the axial distance between the positions of neighboring thermocouples is small, the heat transfer due to the axial conduction across the tube wall is negligible to the heat transferred to test fluid. The inner wall temperature and the inner wall heat flux at each thermocouple location are evaluated by the radial heat conduction from the measured outer wall temperature and the local heat generation rate, taking into account the heat loss. The inlet liquid temperature is measured by a K-type sheathed thermocouple inserted in the inlet Teflon block. The mean local fluid enthalpy h at each thermocouple location is calculated from the heat balance equation. The local vapor quality x assuming thermal equilibrium is calculated by
where h l and h v are enthalpies of saturated liquid and saturated vapor, respectively, evaluated at the local value of pressure. The local heat transfer coefficient α at the location of each thermocouple is defined by
where, q: inner wall heat flux to fluid, T w : inner wall temperature, T f : mean fluid temperature. T f is evaluated from the heat balance equation. The saturation temperature T sat is used as T f in the quality region x > 0. A value of two-phase pressure drop in the quality region is obtained by subtracting the value in the unheated section and the subcooled region from the pressure drop across the entire test section. The single-phase pressure drop is evaluated in the subcooled region, ignoring the possibility of partial boiling. In the quality region, linear pressure drop is assumed using the pressures at the end of the subcooled region and at the outlet of the test section. Distribution of saturation temperature in the quality region is obtained by the pressure distribution. All of the instruments used are carefully calibrated. The uncertainty in temperature measurement is ±0.15 K, pressure measurement 0.04 kPa, and flow rate setting ±0.35%. The accuracy of heat transfer coefficients is evaluated to be 20%. Figure 5 shows the heat transfer coefficients as a function of vapor quality with top and bottom of the tube under low mass velocity conditions, G = 50, 75 kg/m 2 s, in which effects of buoyancy on bubbles seems to be large. In the entire range of vapor quality at G = 50 kg/m 2 s and in low vapor quality x < 0.4, at G = 75 kg/m 2 s, heat transfer coefficient is independent of vapor quality suggesting nucleate boiling dominant region. On the other hand, heat transfer coefficient is dependent of vapor quality suggesting that two-phase forced convection dominated the heat transfer in moderate vapor quality at G = 75 kg/m 2 s, and heat transfer deterioration due to dryout is observed at high vapor quality. The influence of measurement point in a circumferential direction of the tube is not observed in the entire range of vapor quality. This result provides evidence that the tube wall thickness is large enough to realize the uniform temperature distribution along the circumferential direction of the tube. 
EXPERIMENTAL RESULTS AND DISCUSSION

Effect of circumferential location of the tube on the heat transfer coefficient
Effect of tube orientation on the heat transfer coefficient
The relation between the heat transfer coefficient and vapor quality for d i = 0.51 mm at G = 50-200 kg/m 2 s is shown in Fig.6 . In the entire range of vapor quality at G = 50 kg/m 2 s and in low vapor quality x < 0.4, at G = 75 kg/m 2 s, heat transfer coefficients were influenced by tube orientation, heat transfer coefficients in the horizontal tube are higher than those in vertical tubes. Furthermore, heat transfer coefficients are constant with vapor quality for the horizontal tube, while heat transfer coefficients are increase with increasing vapor quality for the vertical tube. On the other hand, the effect of tube orientation were decreased under high vapor quality x > 0.3 at G = 75 kg/m 2 s and in the entire range of vapor quality at G = 100, 200 kg/m 2 s. In the horizontal tube under low vapor quality condition, the local liquid film thickness at the tube top becomes thinner because the position of elongated bubbles is influenced by buoyancy (Han and Shikazono, 2009) . Because enhancement of heat transfer at the top overcomes the deterioration at the bottom, the heat transfer coefficients in the horizontal tube are higher than those in vertical tubes. On the other hand, under high vapor quality conditions, there is uniform distribution of liquid film thickness for each tube orientation. The effect of mass velocity and heat flux is not confirmed because the experiments were operated within narrow range of heat flux to prevent the temperature excursion due to dryout near the outlet of the tube. It is need to perform experiments under higher heat flux conditions by altering tube length in further studies. The relation between the heat transfer coefficient and Froude number which represents ratio of inertia to buoyancy for d i = 0.51 mm tube for all mass velocity conditions is shown in Fig.7 . Under low inertia conditions at Froude number Fr < 4, the heat transfer coefficient is independent on vapor quality in the horizontal tube. The results indicated that the boundary between the body force dominated and the inertia dominated regimes is given by Froude number as Fr ≈ 4 (shown as red vertical dashed line in Fig. 6 and 7) .
The relation between heat transfer coefficient and vapor quality for d i = 0.13 mm at G = 50-200 kg/m 2 s is shown in Fig.8 . Although there is scattering in the heat transfer data, almost no effect of tube orientation on heat transfer coefficients is observed for all combinations of mass velocity and vapor quality. Under low mass velocity conditions at G = 50, 75 kg/m 2 s, heat transfer coefficients are independent of mass velocity and vapor quality, while the effect of vapor quality on heat transfer coefficients are observed under high mass velocity conditions at G = 200 kg/m 2 s. The relation between heat transfer coefficient and Weber number for d i = 0.13 mm under all mass velocity conditions is shown in Fig.9 . Under low inertia conditions at Weber number We < 5, heat transfer coefficients are independent of mass velocity and vapor quality, while the effect of vapor quality on heat transfer coefficients are observed for We > 5. The results implies the boundary between the surface tension dominated and inertia dominated regimes is represented by We ≈ 5 (shown as red vertical dashed line in Fig. 8 and 9) .
The boundaries on the two-dimensional regime map reflecting both results are shown in Fig.10 . In addition, the boundary between the surface tension dominated and the body force dominated regimes is approximately evaluated as Bo ≈ 3.110 -1 from the crossing point of the two boundary lines. This value located in the range of 3.310 -2 < Bo < 5.110
-1 is consistent with the boundary between the surface tension dominated and the body force dominated regimes which were confirmed for the employed smaller mini-tube (Bo = 3.310
-2 ) and the larger mini-tube (Bo = 5.110 -1 ), respectively, under low inertia conditions. 1. For the tube diameter of 0.51 mm, under low inertia conditions at Froude number Fr < 4, heat transfer coefficients were influenced by the tube orientation, while the heat transfer coefficients were almost independent of the orientation for Fr > 4. 2. For the tube diameter of 0.13 mm, almost no effect of tube orientation was observed for all combinations of mass velocity and vapor quality, and heat transfer coefficients were independent of vapor quality under low inertia conditions at Weber number We < 5. 3. The boundary between the body force dominated and the inertia force dominated regimes was given by Froude number as Fr ≈ 4, and the boundary between the surface tension dominated and the inertia force dominated regimes was represented by We ≈ 5. 
NOMENCLATURE
Bo
Bond number
